Ribosomal internal transcribed spacer (ITS) sequences were used to evaluate the phylogenetics of Zea and Tripsacum. Maximum likelihood and polymorphism parsimony were used for phylogenetic reconstructions. Zea ITS nucleotide diversity was high compared to other plant species, but approximately equivalent to other maize loci. Coalescence of ITS alleles was rapid relative to other nuclear loci; however, there was still much diversity within populations. Zea and Tripsacum form a clade clearly differentiated from all other Poaceae. Four Zea ITS pseudogenes were identified by phylogenetic position and nucleotide composition. The phylogenetic position of Z. mays ssp. huehuetenungensis was clearly established as basal to the other Z. muys. The ITS phylogeny disfavored a Z. luxuriuns and Z. diploperennis clade, which conflicted with some previous studies. The introgression of Z. mays alleles into Z. perennis and Z. diploperennis was also established. The ITS data indicated a near contemporary divergence of domesticated maize and its two closest wild relatives.
Introduction
Maize domestication is inexorably linked to the development of New World cultures, and maize remains a dominant food source. Maize's agricultural preeminence has led to Zea's use as a model system for genetics, molecular biology, and systematics (review of Zea systematics in Doebley 1990a; Kellogg and Birchler 1993) . Despite our wealth of information on Zea, the phylogenetics of the genus Zea and the subspecies of 2. mays are not entirely clear. We used nuclear ribosomal internal transcribed spacer (ITS) sequences to elucidate Zea's phylogenetics and Zea's position within the Poaceae. Systematic information from other Zea loci and organellar genomes was compared to provide a more complete and synthetic phylogenetic reconstruction. Chloroplast restriction site, isozyme, and cytogenetic analyses (Kato Y. 1976; Doebley and Goodman 1984; Doebley, Renfroe, and Blanton 1987) established that maize (Z. m. ssp. mays) was domesticated from Z. mays populations in Central Mexico (Doebley 1990a) , while other Zea and Tripsacum are more distantly related to maize. These molecular studies further refined the Zea taxonomy (Doebley 1990b) , but only the chloroplast phylogeny was rooted, and it did not resolve the subspecies of Z. mays. Hence, our rooted nuclear ITS phylogeny was undertaken to provide a nuclear evaluation of the genus and to refine the infraspecific Z. mays relations.
ITS regions have rates of substitution that are useful for evaluating the generic and species level relationships in plants (Baldwin et al. 1995; Hsiao et al. 1995) . Substitution rates are accelerated in Poaceae probably due to short generation times (Gaut et al. 1992) , hence Zea ribosomal ITS sequences could elucidate species and even subspecies divergences. But several molecular evolution obstacles must be considered. First, markers must coalesce (alleles must share a common ancestor) faster than speciation to provide a strong phylogenetic signal. Nuclear ribosomal (nrDNA) genes exist in large arrays of tandem repeats, which evolve together through gene conversion, unequal crossing over, and perhaps repeat amplification (Baldwin et al. 1995) . Most plant ITS surveys suggest little variation within species (Baldwin et al. 1995) , which suggests that the repeats are coalescing quickly, but this needs to be empirically tested.
A second potential problem is polymorphism within the arrays. Homogenization of nrDNA genes is not instantaneous, and individual plants may contain a mixture of older and more-derived alleles (for an extreme example see Ritland, Ritland, and Straus 1993) . Recombination can also result in individual alleles with multiple lineages. We model this polymorphism at the infraspecific level with polymorphism parsimony (Felsenstein 1979) , which accounts for a high probability of polymorphism persistence. Third, ribosomal ITS substitution rates vary several-fold between the various taxa of Zea (Buckler and Holtsford 1996) . The maximum-parsimony algorithm is biased with unequal rates of substitution, while maximum-likelihood (ML) methods are most successful under these conditions (Kuhner and Felsenstein 1994) . Parsimony is also inconsistent in resolving multiple short interior branches (Takezaki and Nei 1994) , as would be the case in this Zea phylogeny with many closely related alleles. When both rate differences and short interior branches are simulated, ML performs best and is robust to substitution model violations (Huelsenbeck 1995) . Finally, information from a single locus only represents the evolution and coalescence of that locus and not the whole genome. Coalescence theory shows that an individual locus can be positively misleading for recent divergences (Wu 199 1; Avise 1994) , especially for large populations such as maize (Gaut and Clegg 1993a) . Hence the ribosomal ITS region results will be compared with other studies.
Here we estimated the phylogenetic position of Zea and Tripsacum among the Poaceae with an ITS phylogeny, while considering the effects of ribosomal poly-morphism and substitution rate variation. We then com-3 FL of PCR product was reamplified for 20 cycles with pared the results of the ITS phylogeny with previous 200 ~.LM of dATP dCTP dGTP and dTTF? Primers Fred studies, and evaluated the validity of the current taxand Barney, which are internal to ITS5 and 26sr, have onomy and signs of introgression.
Putative ITS pseuBumHI and EcoRI restriction sites, respectively. The dogenes were identified, and their phylogenetic posi-PCR reamplification profile consisted of 15 set at 98"C, tions were determined. ITS coalescence rate was com-60 set at 61°C, and 90 set at 72°C. pared to other Zea loci. In the accompanying paper The second method was a much more efficient sin- (Buckler and Holtsford 1996) , we characterized the gle amplification using dimethylsulfoxide (DMSO). pseudogenes, and compared the rates and the patterns DMSO facilitates amplification by reducing strand reanof ITS substitution.
nealing (Varadaraj and Skinner 1994) . The PCR reactions included 10% DMSO, 200 FM of each dNTP and Materials and Methods Sampling and DNA Manipulation Samples were chosen to represent all species and subspecies of Zea and four representative taxa of Tripsacum (table 1) .
DNA was extracted from leaf and kernel tissue. Leaf tissue was extracted using a CTAB method (Bult, Kallersjii, and Suh 1992) without the agarose purification. CTAB extraction of kernels produced unamplifiable DNA, therefore the following SDS procedure was developed. Kernels were smashed with a sledge hammer under sterile conditions and extracted with 800 ~.LL of buffer (1.4 M NaCl, 20 mM Na,EDTA, 100 mM Tris [pH 8.01, 2% SDS [w/v] , and 0.2% B-mercaptoethanol [v/v] ) for 1 hour at 70°C and centrifuged to pellet particulates. The supematant was then precipitated with one tenth volume of 3 M NaOAc and two volumes of ethanol, washed with 80% ethanol, and dried. The pellet was resuspended in TE (10 mM Tris [pH 7.51 and 1 n&I EDTA), RNAsed, and precipitated with one fifth volume of 2 M NaCl and two volumes of ethanol for 1 hour at -2O"C, washed with 80% ethanol, dried, and resuspended in TE. The resulting genomic DNA from the CTAB leaf extractions and SDS kernel extractions was further purified by the desalting procedure of the QIAEX gel extraction kit (a silicagel extraction method from Qiagen, Chatsworth, Calif.).
A lambda clone of the maize ribosomal repeat was provided by Dr. B. Burr (Brookhaven Nat. Lab.). The ITS region was subcloned into pUC13 and sequenced. This first sequence allowed us to refine amplification and sequencing conditions for the ITS region of Zea.
The high GC content and secondary structure in the ITS region necessitated strong denaturing conditions for PCR amplification. We used two methods to circumvent these PCR problems. Both methods used 50 PL reactions with 1 ng of genomic DNA, 0.4 ~.LM of each primer, 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 1.0% Triton X-100, 2 n-&I MgCl,, and 0.5 U of Tuq polymerase. Amplification profiles always included a 5-minute 94°C initial denaturation.
In the first method, 7-deaza-2'-deoxyguanosine triphoshate (c7dGTP) PCR was used to reduce base pair stacking energy (Innis 1990) . Primers ITS5 and 26sr (table 2), 37.5 ~.LM of c7dGTP 12.5 PM of GTP and 50 p,M of dATP dCTP and dTTP were used in a 35-cycle reaction with a PCR profile of 15 set at 98°C (denaturation), 60 set at 56°C (annealing), and 90 set at 72°C (extension). Since the cloning and restriction of c7dGTP PCR fragments is inefficient, primers Fred and Barney; the 35 cycle profile was 30 set at 94OC, 30 set at 61°C, and 90 set at 75°C.
All PCR products were purified by using the GE-NECLEAN II kit (BIO 101, La Jolla, Calif.). The purified PCR products were restricted using BamHI and EcoRI, repurified with GENECLEAN II, and ligated into a pUC13 vector. Clones were sequenced using chain-termination sequencing with a Sequenase c7dGTP sequencing kit (USB, Cleveland, Ohio) with the addition of 15% DMSO to the annealing mixture (Sun, Hegamyer, and Colbum 1993) . Complete bidirectional sequences were produced with Tom, Jerry, and pUC13 primers.
Sequences were aligned using Lasergene's (DNAS-TAR Inc., Madison, Wis.) clustal alignment method and refined by eye.
Tree Reconstruction
To accommodate base composition bias, unequal rates of substitution, and ITS polymorphism, we used several tree reconstruction methods. Nucleotide composition bias was removed by calculating the distance between two taxa with the LogDet transformation (natural logarithm of the determinant of the divergence matrix, Lockhart et al. 1994) . A LogDet-transformed distance matrix was produced for Poaceae, and a tree was constructed by neighbor-joining (Saitou and Nei 1987) . We estimated Zea and Poaceae phylogenies using ML (DNAML of Felsenstein 1981) , as ML deals well with unequal rates of substitution between taxa. A computationally faster program was also used for most of the searches (fastDNAm1 of Olsen et al. 1994 ). The best tree was searched for using global branch swapping and 10 random additions of the taxa. The four ITS regions with informative insertions and deletions (indels) were coded as bases in some searches; because DNAML and fastDNAm1 only model changes between base states, we converted indels to bases while maintaining the transition/transversion ratio. A 74-taxa run took approximately 60 CPU hours on an IBM RS/6000. Statistical significance of branches and topologies was evaluated with the robust Kishino and Hasegawa (1989) test, as bootstrapping was not computationally possible. Recoding indels partially compromises the ML model so that likelihood scores will not be exact, but recoding should not greatly affect the relative likelihood tests of the alternate hypotheses (table 5) .
Polymorphism parsimony was used to make a tree which accounts for the polymorphism among ribosomal alleles among the 2. mays subspecies. A polymorphism ML model would be optimal (Felsenstein 1979 ) but computationally impossible for this data set. Therefore we developed a polymorphism parsimony step matrix for maximum parsimony. We allowed each polymorphic site to have up to two character states at any one time. Substitutions to a polymorphic state were weighted 8, maintenance of polymorphism was weighted 1, and loss of polymorphism was weighted 1. The polymorphism phylogeny was estimated with PAUP 3.1.1 (Swofford 1993 ) using steepest descent without MULPARS for 100 random additions.
DNA distances between taxa were calculated with the ML nucleotide substitution model of DNADIST a Only silent sites were included for Adhl (Gaut and Clegg 1993~) and Adh2 (Goloubinoff, PUbo, and Wilson 1993) . b Comparisons involving all Zea are not necessarily equivalent between loci, as sampling intensity among the various Zea taxa was not equivalent.
c The introgressed alleles were included in these values.
with the deletions recoded as above (Felsenstein 1989 ). Average substitution distances were calculated for the alleles between taxonomic groups.
Nucleotide Diversity Estimates and Coalescence
Nucleotide diversity (+) was estimated separately for ITSl, 5.8S, and ITS2 regions (Nei 1987) (table 3) . The within-and between-population components of nucleotide diversity were estimated by the N,, statistic for the entire ITS region (Lynch and Crease 1990) (table  4) . We used Monte Carlo simulations of the KS statistic to estimate the significance of the differentiation among populations (Hudson, Boos, and Kaplan 1992) . KS is a weighted measure of differentiation, which is designed to maximize the power of the test. Significant differentiation between populations indicated the ITS alleles were coalescing at that taxonomic level. For some diversity analyses the races of maize were grouped into geographical complexes as follows: Northern Flints (clones #21-26, table l), [29] [30] [31] [32] [33] , and Argentine Popcorn (#27, 28). Nucleotide diversity was also compared with silent sites at Adhl and A&2 (Gaut and Clegg 1993~; Goloubinoff, Paabo, and Wilson 1993) . (Hudson, Boos, and Kaplan 1992) .
b Nobogame population excluded from 2. mays ssp. mexicana.
Results

Sequence Analyses
Seventy-eight ribosomal clones were sequenced from Zea and Tripsacum (table 1) . Zea ITSl, 5X, and ITS2 regions have average GC contents of 70.4%, 56.3%, and 73.3% respectively. The two denaturing amplification methods seemed to have different thermal stability preferences, although both produced full-length product efficiently.
Thirteen clones were sequenced from PCR amplifications using c7dGTF? Four of the 13 clones were low (62% to 65%) GC content pseudogenes (Buckler and Holtsford 1996) , while the remaining clones showed a high GC base composition similar to those recovered from DMSG amplification. Since c7dGTP only decreases steric hindrances in amplification once incorporated, in some reactions PCR selection (Wagner et al. 1994) probably favored the amplification of low-GC-content alleles during the initial cycles. DMSO amplification did not yield low GC content pseudogenes, since DMSO decreases the energy of steric hindrances throughout the amplification.
DMSO amplification of the accessions producing pseudogenes and restriction with diagnostic enzymes suggested the pseudogenes were a very rare component of the genome.
A published maize ITS sequence from a Sorghum study (ZMU04796 of Sun et al. 1994 ) is highly (12% to 13%) and significantly (table 5) diverged from our Zeu and Tripsucum sequences, including the lambda clone ( fig. 1) . We think that the maize sequence from the Sorghum study is actually a Sorghum contaminant. Considering the difficulty of amplifying Zeu ITS, this result is not surprising.
We found length variation among the Zeu alleles. The ITS1 varied from 211 to 217 bp, the 5.8s was 164 bp (one allele had a one base deletion), and the ITS2 varied from 216 to 220 bp except for one clone (#32), which had a 36-bp deletion. All four regions of length variation shared by multiple alleles were repeat sequences. Three follow strings of C's and G's, and the fourth region involves a GTT repeat (most Zeu muys alleles have three repeats while other Zeu have two repeats). Nucleotide Diversity and Coalescence
The nucleotide diversity (?r) varied among subunits of the ITS region (highest to lowest diversity): ITS1 > ITS2 > 5.8s (table 3) . The nucleotide diversity of ITS1 and ITS2 were comparable to the synonymous levels of maize nuclear Adhl and Adh2 loci. The ITS nucleotide diversity was also similar to polymorphism levels at four maize anonymous single-copy nuclear loci (0.040 2 8 2 0.006, Shattuck-Eidens et al. 1990 ). Among the 2. muys subspecies, the vast majority of the diversity was Avena between individual alleles, but there was significant differentiation between subspecies, populations, and races (table 4) . This genetic subdivision indicates that the ribosomal alleles have partially coalesced even at the level of populations.
Poaceae Trees
For the Poaceae, large divergences made alignment of indels less accurate; therefore, indels were excluded from the ML tree. The ML tree indicated that Tripsacum (Galinat, Chaganti, and Hager 1964) . This Tripsacum question will be pursued in future studies.
I ~ /
Zea Trees
LogDet, ML, DNA distance, and polymorphism parsimony were used to determine a phylogeny for the alleles of Zea. Each method had strengths and weaknesses in modeling the biology of ribosomal evolution. Trees from all reconstruction methods were consistent with the following:
When Tripsacum was used as an outgroup, the pseudogenes were basal to the other Zea alleles. Zea m. ssp. huehuetenangensis was basal to the Central Mexican Z. muys clade. Two Z. diploperennis (#8 and 10) and one Z. perennis (#l) alleles were always associated with the Z. mays clade. The other Z. perennis and Z. diploperennis alleles were always together, although they did not always form a monophyletic clade. Zea luxurians alleles were always grouped. Zea luxurians, Z. diploperennis, and Z. perennis were always basal and clearly differentiated from the monophyletic Z. muys clade.
The LogDet neighbor-joining reconstruction indicated that the pseudogenes were basal to the other Zea alleles but more closely related to Zea than Tripsacum. This congruence between the ML and LogDet trees shows that variation in nucleotide composition (most apparent between pseudogenes and normal alleles), did not affect branch placement.
Since indels might be less homoplasious than other types of substitutions (Baldwin et al. 1995; Buckler and Holtsford 1996) , we performed the ML analyses of Zea both with and without indels (figs. 1 and 2). Species level structure was compatible but not identical for both analyses. Figure 2 describes the relationships found when indels were included, while differences with indel exclusion were as follows: The Z. dipZoperennis/perennis clade, the Z. Zuxurians clade and the Z. mays clade formed a basal polytomy. The Z. mays were well defined, and the subspecies diverged in a pattern very similar to that of indel-excluded polymorphism parsimony ( fig. 3) Sun et al. 1994; Baldwin et al. 1995) . Since mated it would take 5,800 hours on an IBM RS/6000 nucleotide diversity is directly related to effective popcomputer for the ML tree). Branches discussed in the ulation size and mutation rates (n = 4Nk, Nei 1987), ML tree were significant according to the likelihoodwhich are lineage-specific parameters, comparison of ratio test (P < O.Ol), but these tests err toward oversig-ITS nucleotide diversity must be relative to other Zea nificance (Felsenstein 1989 Buckler, unpublished data; How much of the intraspecific diversity is a PCR Gaut and Clegg 1993a; Goloubinoff, Paabo, and Wilson artifact? Considering the conditions used here, the error 1993). This argues that some of the ITS sites coalesced on the order of 1.3 X lo%,500 = 200 times faster than the entire Adhl locus, suggesting that ribosomal concerted evolution and selection reduced the effective population size for a few ITS sites 200-fold. The entire ITS coalesces in a longer time, but how much longer is not apparent without a time-calibrated ITS mutation rate.
Poaceae Phylogeny
Zea and Tripsacum formed a monophyletic group which was distinct from other analyzed Andropogoneae, although members of the Rottboelliinae were not examined. The species of Zea have evolved very recently in comparison to Zea's divergence from Tripsacum. The subtribe Maydeae, which are the monoecious species of Poaceae, normally include Coix, Zea, Tripsacum, and Polytoca. However, the ITS data suggested that Coix was no more closely related to Zea than it is to Sorghum. Supporting this view, Southern hybridization with Zea knob sequences shows a close relationship between Zea and Tripsacum, while homology with Coix and Sorghum sequences was not detectable even under low-stringency conditions (Dennis and Peacock 1984) . The ITS and knob data argue for multiple origins of monoecy in Poaceae in contrast with morphological data (Kellogg and Birchler 1993) . A molecular analysis of all the Maydeae species and many of the New and Old World Andropogoneae should clarify this issue.
Zea Phylogeny
Four putative pseudogenes, which came from three different 2. mays accessions, were clearly basal to most Zea spp. and to all 2. mays. The two pseudogenes from the same accession were closely related, but the other pseudogenes were not monophyletic.
They appear to be evolutionary relicts, which diverged paralogously from the active rDNA genes before the divergence of the modem Zea. Normal Zea alleles were also amplified from these accessions; therefore, we believe that PCR amplification methods enriched for these rare pseudogenes. The Zea pseudogenes have undergone many substitutions relative to normal alleles, were heavily deaminated at methylated cytosines, and do not appear to have undergone recombination with other alleles (Buckler and Holtsford 1996) . A ribosomal pseudogene has also recently been encountered in Drosophila promoter sequences (Linares, Bowen, and Dover 1994) . The Zea pseudogenes are unlike the multiple ITS types found in Mimulus and Winteraceae, which were prevalent and closely related to each other within type (Ritland, Ritland, and Straus 1993; Suh et al. 1993) . These Mimulus ITS types might represent alleles within different arrays, while the pseudogenes are probably inactive repeats, perhaps in the terminal regions of the Zea rDNA array (Linares, Bowen, and Dover 1994; Buckler and Holtsford 1996) .
The ribosomal ITS data had a couple advantages for reconstructing the Zea phylogeny. First, the pseudogenes provided an excellent outgroup for Zea, which could not be equaled by extant taxa. Second, there was a high level of diversity even among the subspecies, and some of this diversity appears to be coalescing rapidly. The ML tree including indels forms the basis of this discussion,
since this tree was statistically tested and partially modeled the polymorphism (summary tree B, fig. 5 ). In the ITS region, indels might be less likely than other substitutions to be homoplasious (Baldwin et al. 1995; Buckler and Holtsford 1996) , because indels are likely to result in a series of ITS structural changes and hence are probably more constrained. There were a couple of points of disagreement between the ITS trees and previous phylogenies based on chloroplast and isozyme evidence (tree A, fig. 5 ). Rate variability among lineages, the use of plesiomorphic characters, and rooting problems may account for some of the discrepancies, while different coalescence patterns might explain other differences.
The ITS data indicate that Zea perennis and 2. diploperennis were essentially indistinguishable, probably reflecting a recent divergence (see below). They also indicated that the geographically distant Z. Zuxurians populations were monophyletic. Ribosomal ITS data favored Z. diploperennis as basal to or in a polytomy with Z. Zuxurians and Z. muys clades. Chloroplast restriction site data significantly supported a Z. Zuxurians, Z. diploperennis, and Z. perennis clade (Doebley, Renfroe, and Blanton 1987) , while the ITS data significantly rejected this clade (table 5) . A likely explanation is a difference in the coalescence of ancestral polymorphism between these two loci. A Zea and Tripsacum restriction site study of the entire rDNA repeat found variability among a small sample of Zea in the IGS region (Zimmer, Jupe, and Walbot 1988) (Buckler and Holtsford 1996) . Mitochondrial interaction studies suggest more compatibility between 2. mays and 2. Zuxurians than between 2. mays and 2. diploperennis (Allen, Emenhiser, and Kermicle 1989) . MageZZan retroposon elements have been sequenced from various Zea, and the average distances suggest a polytomy between Z. mays, 2. Zuxurians, and 2. diploperennis (Purugganan and Wessler 1994) . However, the placement of 2. Zuxurians can only be rigorously evaluated with more loci (with outgroups), such as the ITS and the chloroplast data sets. If the divergence between the 2. Zuxurians, 2. diploperennis, and Z. mays lineages were nearly concurrent, then data from many loci will be needed to evaluate this question with a statistically sound analysis (Kishino and Hasegawa 1989; Wu 1991) . The large effective population size of Zea will retard coalescence and complicate the resolution (Gaut and Clegg 1993a).
mays Subspecies
For the first time, the phylogenetic position of 2. m. ssp. huehuetenangensis was clearly defined as being the basal taxon of 2. mays. This phylogenetic position is compatible with unrooted isozyme and knob studies (Kato Y. 1976; Doebley and Goodman 1984) , and the unresolved polytomy of the chloroplast study (Doebley, Renfroe, and Blanton 1987) .
The ribosomal ITS relationships between 2. m. ssp. parviglumis, Z. mexicana, and Z. mays were complicated by the recent divergence of these taxa. The Nobogame race of 2. m. ssp. mexicana appeared to diverge before the other Central Mexican 2. mays, which argued against its inclusion with other 2. m. ssp. mexicana. The early divergence of Nobogame is also suggested by knob data (Kato Y. 1976) , but contradicted by isozyme data (Doebley and Goodman 1984) . Genetic diversity estimates suggest that the Nobogame population might have undergone a bottleneck, which could complicate a determination of its phylogenetic position with distance measures. The ITS data set suggested that Z. m. ssp. mays diverged before or at the same time as the Z. m. ssp. parviglumis and Z. m. ssp. mexicana divergence, which conflicts with the isozyme data but is compatible with the distribution of chloroplast and mitochondrial alleles (Doebley, Goodman, and Stuber 1987; Doebley 1990a; Allen 1992 polymorphism, which is significantly different from an expectation of equal segregation of ancestral alleles into either clade (G = 10.51, df = 1, P = 0.001). The introgressed alleles had significantly higher substitution rates than other Z. diploperennis and Z. perennis, suggesting they may have spent time in the more rapidly evolving Z. mays genome (P = 0.05, for methods see Buckler and Holtsford 1996) . Third, the two introgressed Z. diploperennis alleles were placed in clades that were shown to have significant differentiation between recently diverged populations.
Fertile hybrids between Z. perennis, the sole Zea tetraploid, and diploid Zea are very rare (Doebley 1989) . However, hybrids between Z. diploperennis and Z. mays are fertile and meiosis is usually regular (Pasupuleti and Galinat 1982) . Therefore, Z. mays alleles in Z. diploperennis probably came from simple hybridization, while the Z. mays allele in Z. perennis must have either crossed the ploidy barrier or been in the diploid ancestral pool. Zea perennis is generally considered an autotetraploid of some ancestral population of Z. diploperennis (Kato Y. and Lopez R. 1990 ); but several lines of evidence, including this ITS data, suggest substantial Z. mays germplasm in Z. perennis.
The ribosomal ITS suggested no differentiation between Z. perennis and Z. diploperennis, while isozyme evidence indicates a substantial divergence (Rogers' D = 0.337, Doebley and Goodman 1984) . Zea perennis had a smaller isozyme distance to Z. mays than Z. diploperennis and Z. Zuxurians, which could reflect the introgression of Z. mays alleles into Z. perennis. For example, 11 of the 12 Z. perennis alleles of Acpl and Pgm2 are shared with either Z. diploperennis or Z. mays. The large number of shared alleles argues for multiple origins of Z. perennis or multiple introgressions across the ploidy barrier. Zea mays introgression into the Piedra Ancha population of Z. perennis is also apparent from examination of mitochondria and chloroplast haplotypes (Doebley 1989; Allen 1992) . Chromosomal morphology data is ambiguous as to whether introgression has occurred. Chromosomal knobs do not indicate introgression of Z. mays into Z.
diploperennis (Kato Y. and Lopez R. 1990 ). Z. diploperennis and Z. perennis have inversions on chromosomes 5 and 9, and these are shared with some Z. m. (1995) . 1990) . Zea perennis has a higher level of bivalents (9.6 per cell) and a lower frequency of quadrivalents (0.499) than synthetic tetraploid 2. m. ssp. mays (Shaver 1962; Kato Y. and Lopez R. 1990 ), which suggests that 2. perennis is an old autotetraploid (partially diploidized), or that high levels of introgression have led to differentiation of the chromosomes. The diploid 2. diploperennis and the tetraploid 2. perennis both seem to contain considerable 2. mays germplasm. It is difficult to discern whether introgression occurred before or after the tetraploid origin of 2. perennis. Multiple autotetraploid or allotetraploid origins for 2. perennis should be considered in future discussions of this taxon.
Conclusions
The ITS genetic diversity within the various Zea taxa was high compared to other genera, but it was not high compared to other Zea loci. Rapid ITS coalescence was suggested by analysis of maize alleles. Zea and Tripsacum were diverged from other examined Andropogoneae and do not form a monophyletic clade with Coix. The ITS pseudogenes were relicts of ribosomal evolution before the divergence of Zea. Zea m. ssp. huehuetenangensis was definitely basal to other Z. muys. Z. Zuxurians did not form a clade with Z. dipZoperennis/ perennis, in conflict with chloroplast data. Future research with many nuclear loci and outgroups could elucidate this problem. The Z. m. ssp. mexicana Nobogame population may have diverged before the Central Mexican Z. m. ssp. mexicana. Evidence was provided for Z. muys introgression into Z. diploperennis and Z. perennis. The ITS data suggest an early divergence of ssp. mays from ssp. mexicana and parviglumis, but this should be reevaluated with many loci.
